Introduction
Our cells are constantly attacked by a variety of endogenous and exogenous DNA damaging factors. Following the insult, DNA damage response machineries detect damaged DNA and transduce signals for temporarily cell cycle arrest, allowing time for DNA repair or, alternatively, for initiating cell death when DNA damage is too severe to be repaired. 1 DNA double-strand breaks (DSBs) are the most lethal form of DNA damage. A single unrepaired DSB is sufficient to induce apoptosis. 2, 3 DSBs are mainly repaired by nonhomologous end joining (NHEJ) in mammalian cells, in which the broken ends are ligated without the use of extensive homology. This type of repair is used in all phases of the cell cycle and almost exclusively in G 1 and early S phase. 4 This error-prone repair often leads to mutations, deletions and/ or translocations. 5 DSBs are also repaired by homology-directed repair (HDR) with high fidelity, which utilizes a homologous template for gene conversion through strand invasion and nascent DNA synthesis. 6, 7 It is believed that extensive chromatin remodeling surrounding the DSBs is required before and during repair, to ensure the access of DNA repair factors, and after repair, to restore the pre-damage chromatin status. [8] [9] [10] [11] [12] [13] KAP1 (KRAB-associated protein 1; TIF1β; TRIM28), a corepressor for the Kruppel-associated box containing zinc-finger Reversible phosphorylation is an essential posttranslational modification to turn on/off a protein function and to regulate many cellular activities, including DNA repair. A DNA double-strand break (DSB) is the most lethal form of DNA damage and is mainly fixed by the error-prone nonhomologous end joining (NHeJ)-mediated repair and by the high-fidelity homology recombination (HR)-mediated repair. We found previously that protein phosphatase pp4 is required for HRmediated DSB repair. In this report, we showed that depletion of pp4C by siRNA compromised NHeJ-mediated repair of DSBs induced by the nuclease I-SceI. Both pp4C and its regulatory subunit pp4R2 physically interacted with the chromatin condensation factor KAp1 (KRAB-associated protein 1). Depletion of pp4C led to sustained phosphorylation of KAp1 at Ser824. Conversely, overexpression of pp4C resulted in a decrease of KAp1 phosphorylation. pp4 dephosphorylated pKAp1 in vitro. Inhibition of KAp1 expression resulted in a defect on NHeJ-mediated DSB repair, and co-depletion of pp4C and KAp1 did not have significant synergistic effect on NHeJ-mediated DSB repair. taken together, our results suggest that pp4C and KAp1 are in the same epistasis group, and pp4 is involved in NHeJ-mediated DSB repair, possibly through regulating the phosphorylation status of KAp1. 14 Phosphorylation of KAP1 on Ser 824 by the ATM or ATR kinase upon DNA damage allows localized and transient chromatin relaxation, promoting repair of ionizing radiation (IR)-induced DSBs within or in the proximity of heterochromatin. 11, 13, 15 It is conceivable that the repair of DSBs is not over when the damaged DNA itself is fixed. Chromatin changes induced during the repair process should also be restored, and the pre-damage chromatin structure should be re-established. 16 Thus, we speculate that dephosphorylation of pKAP1 may be involved in restoration of the pre-damage chromatin status.
Reversible protein phosphorylation regulates many cellular activities, including DNA repair. It is estimated that 20-30% of human proteins are phosphorylated in an unperturbed cell, and more than 98% of phosphorylation occurs on serine or threonine residues. 17 Dephosphorylation of phosphoproteins is executed by protein phosphatases. The human genome encodes only about 147 protein phosphatases, 40 of which are serine/threonine protein phosphatases (STPP). The STPP family comprises of two subfamilies, namely, phosphoprotein phosphatases (PPP) and Mg 2+ /Mn 2+ -dependent protein phosphatases (PPM). 17 It has been shown that PP1, PP2, PP4, PP6 and PPM1D are required for HDR of DSBs. [18] [19] [20] [21] [22] [23] A PP4 phosphatase complex dephosphorylates RPA2 to facilitate HDR of DSBs. 20 It is possible that dephosphorylation of γH2AX by PP2, PP4, PP6 and PPM1D may also promote the finishing stages of HDR of DSB. On the other hand, Okadaic acid, a phosphatase inhibitor of PP2, PP4 and PP6, increases phosphorylation of DNA-PKcs in vivo. 24 Physical interactions between DNA-PKcs (DNA-dependent protein kinase catalytic subunit) and PP5 and PP6 [25] [26] [27] [28] indicate that these phosphatases may be involved in NHEJ-mediated DSB repair.
In this report, we found that a PP4C-PP4R2 containing phosphatase complex physically associated with KAP1 and dephosphorylated pKAP1. Inhibition of PP4C or KAP1 expression compromised NHEJ-mediated DSB repair in both GFP-based assays and random plasmid integration-based assays. Co-depletion of PP4C and KAP1 did not have a synergistic effect on NHEJ-mediated DSB repair. These results demonstrate that PP4 and KAP1 are in the same epistasis group, and that PP4 is involved in NHEJ-mediated DSB repair at least partially through dephosphorylation of pKAP1.
Results
Depletion of PP4 compromises NHEJmediated DSB repair. Several serine/ threonine protein phosphatases, such as PP2, PP4, PP6 and PPM1D, have been implicated in HR-mediated DSB repair. [18] [19] [20] [21] [22] [23] However, the identity of serine/threonine phosphatases involved in NHEJ-mediated DSB repair remains much unknown. We asked whether PP4 is involved in NHEJ-mediated repair. We used the GFP-based chromosomal reporter EJ5-GFP in HEK293 cells to measure total NHEJ efficiency. 29 EJ5-GFP contains a promoter that is separated from a GFP coding cassette by a puromycin (puro) gene flanked by two I-SceI sites in the same orientation. Once the puro gene is excised by the two I-SceI-induced DSBs, the promoter is joined to the rest of the expression cassette by NHEJ repair, leading to restoration of the GFP+ gene. Therefore, the number of GFP-positive cells is a measure of NHEJ-mediated DSB repair. Indeed, transfection with the mixture PP4C or PP4R2, but not PP4R3α or PP4R1, led to an increase of KAP1 phosphorylation (Ser824) upon CPT or etoposide treatment ( Fig. 3A and data not shown). Conversely, expression of HA-PP4C resulted in a decrease of pKAP1 upon CPT treatment, and this decrease was partially compromised when cells expressed the phosphatase-dead mutant PP4C(D82A) (Fig. 3B) .
We then asked if PP4 was able to directly dephosphorylate pKAP1 in an in vitro phosphatase assay. Our laboratory and others have shown that in vitro translated PP4C from reticulocyte lysate is catalytically active. 19, 30 As shown in Figure 3C , wild type PP4C but not phosphatase-dead mutant PP4C(D82A), derived from in vitro transcribed/translated products, dephosphorylated FLAG-KAP1 (Fig. 3C) . The FLAG-KAP1 was immunoprecipitated using the anti-FLAG antibody from CPT-treated MCF7 cells and eluted with glycine. Taken together, these data showed that KAP1 is a substrate of PP4.
Co-depletion of PP4C and KAP1 did not have an additive effect on NHEJ-mediated DSB repair. KAP1 has been implicated in promoting repair of IR-induced DSBs in the heterochromatin region. 11, 13 Resolution of γH2AX foci was the key parameter used in these studies. It is unknown whether KAP1 plays a role in the repair of a defined DSB induced by I-SceI. We found that inhibition of KAP1 expression by transfection of a mixture of four siRNA oligos (Fig. 4A) or individual siRNA oligos of the four siRNA oligos against PP4C resulted in a decrease of PP4C expression and percentage of GFP-positive cells (Fig. 1A and B) . When EJ5-GFP 293 cells were transfected with individual siRNA oligos against PP4C, both si1-PP4C and si2-PP4C efficiently inhibited PP4C expression along with significant reduction of NHEJ-mediated DSB repair ( Fig. 1C and D) . It is noted that inhibition of PP4C expression by si3-PP4C or si4-PP4C did not correlate with the reduction of DSB repair by NHEJ (Fig. 1C and D) , suggesting the possibility of off-target effects by these two siRNA oligos. The random plasmid integration assays in U2OS cells further confirmed that inhibition of PP4C expression compromised NHEJ-mediated repair (Fig. S1) . To further validate these observations, we generated silent mutants of wild type PP4C (PP4Cres) and phosphatase-dead PP4C (PP4C(D82A)res) that were resistant to si1-PP4C-mediated inhibition of PP4C expression. As shown in Figure 1E , stable expression of HA-PP4Cres in EJ5-GFP 293 cells partially, albeit significantly (p = 0.005), rescued the defect of NHEJ-mediated DSB repair due to the depletion of endogenous PP4C, whereas stable expression of HA-PP4C(D82A) failed to do so. These data demonstrate that PP4C and its catalytic activity are involved in NHEJ-mediated DSB repair.
We and other laboratories have shown that the PP4 holoenzymes require both the catalytic subunit and the regulatory subunit(s). 19, 30 We thus attempted to identify which subunit(s) was involved in NHEJmediated DSB repair. As shown in Figure 1A and B, inhibition of PP4C or PP4R2 expression by siRNA resulted in a significant reduction of NHEJ-mediated DSB repair, whereas inhibition of expression of PP4R1, PP4R3α or PP4R3β did not exhibit such an effect. These results suggest that the PP4C-PP4R2-containing holoenzyme(s) is involved in NHEJ-mediated DSB repair.
KAP1 associates with a PP4 complex. In an attempt to identify potential substrate(s) of PP4 that are involved in NHEJ-mediated DSB repair, we performed large-scale immunoprecipitation assays in HeLa cells using antibodies against PP4C, PP4R1, PP4R2, PP4R3α or PP4R3β followed by mass spectrometric analysis ( Fig. 2A and data not shown) . KAP1 was present in the PP4R2 immuno-complex ( Fig. 2A) . Co-immunoprecipitation assays in MCF7 cells showed that endogenous KAP1 was indeed present in the PP4R2 and PP4C immunocomplexes (Fig. 2B) , and both PP4C and PP4R2 were able to pull down KAP1 (Fig. 2B) . HA-tagged PP4C and PP4R2 also co-precipitated with KAP1 (Fig. 2C) . These results demonstrated that KAP1 physically associates with PP4C-PP4R2, indicating that KAP1 potentially is a substrate of PP4.
KAP1 is a substrate of PP4. If KAP1 is a substrate of PP4, inhibition of expression of PP4C or its relative regulatory subunit would lead to an increase of pKAP1, and overexpression of PP4C would result in a decrease of pKAP1 in vivo. Indeed, depletion of We reasoned that PP4 and KAP1 would not have an additive effect in promoting NHEJ-mediated DSB repair if KAP1 is a substrate of PP4. As expected, co-depletion of PP4C and KAP1 did not have any obvious synergistic effect on NHEJ-mediated DSB repair in either the GFP-based assays (Fig. 4C) or the random plasmid integration assays (Fig. S3) , indicating that PP4 and KAP1 may work in the same pathway facilitating NHEJmediated DSB repair. It was noted that NHEJ repair efficiency in cells with co-depletion of PP4 and KAP1 was similar to that in PP4-depleted cells, however, significantly lower than that in KAP1-depleted cells (p = 0.023) (Fig. 4C) , implying that the KAP1 function in NHEJ is mainly dependent on PP4C, and PP4C may have additional role other than KAP1 in NHEJ.
Discussion
It is well-established that protein phosphorylation mediated by protein kinases (e.g., ATM, ATR, DNA-PK, CHK1 and CHK2) plays an essential role in DSB signaling and repair.
1 ATM signaling is involved in NHEJ-mediated DSB repair. ATM regulates MRE11-dependent microhomology-mediated end joining, 31 which is also known as alternative NHEJ. PA28γ, a physiological substrate of ATM, is recruited to the DSB sites and required for rapid accumulation of proteasomes at these sites, coordinating the balance of the two major DSB repair pathways. 32 Increasing evidence demonstrates that dephosphorylation of phosphoproteins mediated by protein phosphatases is equally important in DSB signaling and repair. We reported that a PP4 phosphatase complex is involved in HR-mediated repair of the I-SceI-induced DSB, 19 possibly through modulation of RPA2 phosphorylation. 20 In this report, we showed that the PP4C-PP4R2 containing phosphatase complex is involved in NHEJ-mediated repair of the I-SceI-induced DSB, at least partially through regulation the phosphorylation status of KAP1. Thus, it is obvious that the PP4-mediated dephosphorylation events are essential for accomplishment of DSB repair. While this manuscript was in preparation, Hu et al. reported that CHK2-mediated phosphorylation of KAP1 on Serine-473 is required for efficient DSB repair; 33 Lee et al. reported that PP4 dephosphorylates pKAP1 (S473 and S824), contributing to DNA damage-induced G 2 /M checkpoint and DSB repair, respectively. 34 It is reported that IR-induced KAP1 phosphorylation promotes localized and transient chromatin relaxation, allowing repair of DSBs in the heterochromatin. 11, 13 Our data demonstrate that KAP1 facilitates repair of the I-SceI-induced DSB in the EJ5-GFP reporter system. Though the integration locus of EJ5-GFP in 293 cells is unknown, it is unlikely heterochromatic, since the driven promoter is a CMV enhancer followed by a chicken β-actin promoter, and the expression was robust. This suggests that KAP1 promotes NHEJ-mediated repair of DSBs in euchromatin region as well. This is not a surprise because (1) DSB formation induces ATM-dependent phosphorylation of KAP1 throughout the nucleus (both in heterochromatin and in euchromatin), leading to global chromatin relaxation and facilitating DSB repair in euchromatin; however, this is insufficient for DSB repair in KAP1-rich heterochromatin;
11 (2) further concentrated ( Fig. 4A ) in EJ5-GFP 293 cells significantly reduced the percentage of GFP-positive cells in comparison to the mock control, and this reduction was similar to that when expression of DNA-PKcs was inhibited by siRNA (Fig. 4A) . To exclude the possibility that the defect in NHEJ-mediated DSB repair resulted from siRNA off-target effects, we generated a silent mutant KAP1res, which is resistant to depletion by si1-KAP1 siRNA oligo. Indeed, in EJ5-GFP 293 cells stably expressing FLAG-KAP1res, depletion of endogenous KAP1 did not decreased NHEJ-mediated DSB repair (Fig. 4B) . The random plasmid integration assays in U2OS cells further confirmed that inhibition of KAP1 expression compromised NHEJ-mediated repair (Fig. S2) . These results indicate that KAP1 promotes NHEJ-mediated DSB repair. 
Materials and Methods
Expression constructs, antibodies and siRNA oligos. FLAG-KAP-1 in pCMV-Tag-2A was a gift from David Ann. 15 Expression constructs HA-PP4C, HA-PP4C(D82A), HA-PP4R1, HA-PP4R2, HA-PP4R3α and HA-PP4R3β were reported previously. 19 FLAG-KAP1res, HA-PP4Cres and HA-PP4C(D82A) res were generated using the QuickChange Site-Directed Mutagenesis Kit (Stratagene).
Antibodies against each PP4 subunit were affinity purified from the sera of rabbits immunized with one of 3-5 peptide sequences chosen for each target (Bethyl Laboratories Inc.). Each antibody was characterized by immunoblotting, immunoprecipitation and indirect immunofluorescence, and one antibody was selected for each target based on highest specificity and a high titer (PP4R1, PP4R2, PP4R3α, PP4R3β and PP4C). Rabbit polyclonal antibodies against H2AX, γH2AX, KAP1, pKAP1 (Ser824) and HA were obtained from Bethyl. Mouse monoclonal antibody against β-actin (clone AC15) and γH2AX were purchased from Sigma and Millipore, respectively. Peroxidaseconjugated secondary antibodies were from JacksonImmuno Research.
All siRNA oligo duplexes (OnTarget plus option) were purchased from Dharmacon. siRNAs against human PP4C, PP4R1, PP4R2 and PP4R3a, PP4R3b, KAP1 or DNA-PKcs were a mixture of four predesigned OnTarget plus siRNA oligonucleotide duplexes. Sequences are available upon request. The control ATM activity enables robust and local phosphorylation of KAP1 and facilitating DSB repair in heterochromatin. 11 It was reported that expression of KAP1(S824A), which is incapable of phosphorylation by ATM, resulted in loss of DSBinduced chromatin decondensation, whereas depletion of KAP1 or expression of KAP1(S824D), which mimics a constitutive phosphorylation, led to constitutive chromatin relaxation. 13 We observed that overexpression of wild type KAP1, KAP1(S824A) or KAP1(S824D) led to a reduction of NHEJ-mediated DSB repair in the EJ5-GFP 293 cells (data not shown). Taken together, these suggest that chromatin status is critical for initiation and completion of DSB repair. Chromatin relaxation may allow the access of DSB signaling and repair factors, and restoration of the pre-damage chromatin status may be the final touch of DSB repair. We thus reason that spatiotemporal regulation of KAP1 phosphorylation is as important as that of KAP1 dephosphorylation in NHEJ-mediated DSB repair, and that persistent perturbation of chromatin status (relaxation or condensation) may compromise DNA repair.
In summary, we have found that (1) KAP1 is a physiological substrate of PP4; (2) the PP4C-PP4R2-containing phosphatase complex(es) is involved in NHEJ-mediated repair of the I-SceIinduced DSB at least partially through regulation of KAP1 phosphorylation; (3) KAP1 promotes NHEJ-mediated DSB repair. However, which PP4 holoenzymatic complex(es) and how this complex-mediated dephosphorylation of pKAP1 modulates DSB repair warrants further investigation. vitro phosphatase assay was performed by mixing FLAG-KAP1 with HA-PP4C or HA-PP4C(D82A) in dephosphorylation buffer (20 mM TRIS-HCl, pH 7.4, 50 mM NaCl, 2 mM EDTA, 0.2% β-mercaptoethanol) and incubating at 30°C for 30 min. Reaction mixtures were resolved in 4-18% SDS-PAGE, and blotted for antibodies as indicated.
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Western blot analysis and immunoprecipitation. It was performed as described previously. 35, 36 NHEJ-mediated DSB repair assays. NHEJ-mediated DSB repair assays in EJ5-GFP 293 cells were described before. 29 Briefly, EJ5-GFP 293 cells with one copy of the EJ5-GFP reporter stably integrated into their genome were transfected with siRNAs targeting PP4 subunits, KAP1, DNA-PKcs or si-CONTROL, and a second transfection was performed 48 h later with the HA-ISceI-expressing construct (pCBASceI) or an empty vector. Cells were harvested 72 h after the second transfection, and the fraction of GFP-positive cells was determined by flow cytometry.
Random plasmid integration assay. It was performed essentially as described previously. 37 Briefly, U2OS cells were transfected twice with control siRNA or target siRNA as described. Twenty-four hrs after the second siRNA transfection, cells were transfected with 1 μg linearized pEGFP(C1), which was digested by BamH1 and XhoI. Transfectants were seeded 24 h later into 60 mm dishes (2,500 cells per plate) in the presence of G418 (500 μg/ml), and colony formation was determined 10-15 d later.
In vitro phosphatase assay. In vitro phosphatase assay using in vitro transcribed/translated PP4C in reticulocyte lysates was performed as described before.
19 FLAG-KAP1 was immunoprecipitated from HEK293 cells stably expressing FLAG-KAP1 and treated with CPT for 1 h, and soluble FLAG-KAP1 was eluted from the anti-FLAG immunocomplex by incubating with glycine. Elutants were further concentrated using the Amicon ® Ultra-4 tube (UFC801008). In
